Vascular development of the central nervous system and blood-brain barrier (BBB) induction are closely linked processes. The role of factors that promote endothelial sprouting and vascular leak, such as vascular endothelial growth factor A, are well described, but the factors that suppress angiogenic sprouting and their impact on the BBB are poorly understood. Here, we show that integrin αVβ8 activates angiosuppressive TGFβ gradients in the brain, which inhibit endothelial cell sprouting. Loss of αVβ8 in the brain or downstream TGFβ1-TGFBR2-ALK5-Smad3 signaling in endothelial cells increases vascular sprouting, branching and proliferation, leading to vascular dysplasia and hemorrhage. Importantly, BBB function in Itgb8 mutants is intact during early stages of vascular dysgenesis before hemorrhage. By contrast, Pdgfb ret/ret mice, which exhibit severe BBB disruption and vascular leak due to pericyte deficiency, have comparatively normal vascular morphogenesis and do not exhibit brain hemorrhage. Our data therefore suggest that abnormal vascular sprouting and patterning, not BBB dysfunction, underlie developmental cerebral hemorrhage.
INTRODUCTION
In angiogenesis, new blood vessels form from pre-existing ones in an iterative sprouting and branching process (Blanco and Gerhardt, 2013) . Angiogenesis is the principal mode of vascular development in the central nervous system (CNS). In the CNS, capillaries sprout from perineural vessels, invade the neuroepithelium and form functional vessels by branching and anastamosis of neighboring sprouts (Ballabh et al., 2004a; Vasudevan et al., 2008; Walls et al., 2008) . As they grow, nascent sprouts extend filopodia toward sources of VEGF (James et al., 2009; Ruhrberg et al., 2002) , and are specified into tip and stalk cells by Dll4/Notch-mediated lateral inhibition (Phng and Gerhardt, 2009) . Initial sprouting and patterning is further regulated by signaling systems, including netrin (Freitas et al., 2008) , ephrin (Sawamiphak et al., 2010; Wang et al., 2010) , BMP (Kim et al., 2012; Larrivée et al., 2012; Moya et al., 2012) , Wnt/β-Catenin (Corada et al., 2010; Gore et al., 2011) and angiopoietin (Fagiani and Christofori, 2013) . Once primary CNS angiogenesis is complete, sprouting angiogenesis is suppressed and new vessels are stabilized (Gaengel et al., 2012; Jung et al., 2012; Shoham et al., 2012) . During angiogenesis, mural cells provide additional structural support and regulate vascular permeability (Armulik et al., 2005; Daneman et al., 2010; Hellström et al., 2001) . Compared with angiogenic growth, angiogenic suppression and vessel maturation are not well understood, although recent studies support an important role for S1P/S1PR1 signaling (Gaengel et al., 2012; Jung et al., 2012; Liu et al., 2000; Shoham et al., 2012) .
Prior studies from ours and other laboratories have described defects in brain vascular development following neuroepithelial cellspecific deletion of the integrin αVβ8 (McCarty et al., 2005; Proctor et al., 2005) . As the αVβ8 integrin has been shown to mediate TGFβ activation in vitro (Cambier et al., 2005) , this suggested that αVβ8 on neuroepithelial cells activates TGFβ, which subsequently promotes vascular integrity. The similarities in phenotype of neuroepithelialspecific Itgav and Itgb8 mutants with endothelial-specific mutations of Tgfbr2 (Robson et al., 2010) , Alk5 (Nguyen et al., 2011) and Smad2/Smad3 (Itoh et al., 2012) support this proposal. In each mutant, vessels were 'stalled' in their growth from the pia mater towards the ventricle. However, one study reports a lack of major vascular phenotypes in endothelial cell-specific mutants of Tgfbr2 and Alk5 (Park et al., 2008) , leaving uncertain the cell types through which αVβ8 regulates brain angiogenesis.
Most existing literature suggests that intracerebral hemorrhage during brain development results from increased vascular permeability and a defective blood-brain barrier (BBB) (Ballabh et al., 2004b) . These studies, however, have not determined whether vascular permeability was elevated before initial hemorrhage.
In this study, we monitored the appearance of angiogenic defects in neuroepithelial-specific αVβ8 and TGFβ signaling pathway mutants, with the aim of understanding how disruption in this pathway results in vascular malformation and hemorrhage. By contrast to prior studies, we did not observe defects in vascular ingress into the developing brain. Our data show that αVβ8 activates TGFβ in a ventral-dorsal gradient in the brain, and that TGFβ1 signaling in endothelial cells (via TGFBR2-ALK5-Smad3) suppresses angiogenic sprouting and promotes vascular stability. When signaling is disrupted, vessels excessively sprout and branch, and eventually coalesce into dysplastic, glomeruloid vessels. Importantly, increased vascular permeability does not precede hemorrhage. We propose a model for graded activation of TGFβ by αVβ8 in the CNS, which suppresses sprouting angiogenesis, thereby stabilizing blood vessels.
RESULTS

Hemorrhage, but not BBB dysfunction, is associated with vascular dysplasia in Itgb8ΔNE mutants
We previously showed that global (Itgb8 −/− ) and neuroepithelialspecific (Itgb8ΔNE) deletion of Itgb8 resulted in abnormal vessel growth and hemorrhage in the embryonic forebrain. Vessels 'stalled' before reaching the cerebral ventricle, and 'failed to form an organized anastomotic network ' (McCarty et al., 2002 ' (McCarty et al., , 2005 Proctor et al., 2005; Zhu et al., 2002) . To better understand the causes of vascular malformation and hemorrhage in Itgb8ΔNE mutants, we re-analyzed these phenotypes in more detail. In contrast to previous reports (McCarty et al., 2002 (McCarty et al., , 2005 Proctor et al., 2005; Zhu et al., 2002) , we found that initial blood vessel ingression proceeded normally in Itgb8ΔNE mutants. In both mutants and controls, vessels migrated from the perineural vascular plexus (PNVP) into the ventral forebrain and formed a periventricular vascular plexus (PVP) (Fig. 1A) by E10.5. Normally, the PVP extends in a ventral to dorsal fashion, iteratively creating vascular loops with the PNVP (Takashima and Tanaka, 1978; Vasudevan et al., 2008; Walls et al., 2008; Yu et al., 1994) . Compared with controls, the ventral-to-dorsal extension of the PVP over time was not impaired in mutants (see yellow arrows in Fig. 1A, E10 .5-E12.5). As previously reported, we observed subtle vascular irregularities, predominantly in the ventral regions of the brain, beginning at E11.5 (Fig. 1A,B) . Vascular dysplasia became more noticeable at E12.5, when vessels formed abnormal glomeruloid bodies (Fig. 1A ,B, double arrowheads). These malformations occurred first in the ventral forebrain, then subsequently in more dorsal regions. Interestingly, hemorrhage was spatially and temporally linked with PVP vascular malformations: hemorrhage always occurred initially in the ventral forebrain near the ventricular surface adjacent to glomeruloid malformations, and progressed dorsally (Fig. 1A) . This ventral-to-dorsal pattern of vascular ingression, followed by PVP dysplasia and hemorrhage, was also evident in the spinal cord, hindbrain and cerebellum (supplementary material Fig. S1 ). By contrast, in the peripheral nervous system, vascular patterning, endothelial cell differentiation and nerve-vessel alignment were normal, with no hemorrhage (supplementary material Fig. S1 ).
Numerous mutants exhibit intracerebral hemorrhage and associated vascular dysplasia. Hemorrhage has generally been attributed to a dysfunctional BBB (Cullen et al., 2011; Liebner et al., 2008; Mobley et al., 2009; Nguyen et al., 2011; Stenman et al., 2008) . Other mutants, however, develop vascular leak without hemorrhage (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010; Nitta et al., 2003; Wang et al., 2012) , suggesting that these are distinct processes. To test the Higher magnification images at E11.5 and E12.5. At E10.5, pia-associated vessels outside the CNS (PNVP) surround the developing forebrain in control and mutant. Yellow arrowheads at E10.5-E12.5 indicate the dorsal limits of neuroepithelium invasion by the PVP. Initial PVP formation and dorsal invasion occur normally in mutants. At E11.5, PVP vessels appear thicker and more tortuous in mutants versus controls. In mutants, hemorrhage (white arrows) is first observed ventrally at E12.5 and later in more dorsal regions (E13.5, E14.5). Also, note enlargement of the lateral ventricles (dashed white lines) in mutants versus controls. At E12.5 in the ventral telencephalon, the mutant vasculature forms large glomeruloid malformations (double arrowheads) near sites of hemorrhage. At E13.5 and E14.5, similar malformations are observed in the dorsal telencephalon coincident with hemorrhage. N>4. role of neuroepithelial Itgb8 in maintaining the BBB, we injected a fluorescent tracer into the cardiac outflow tracts of control and mutant embryos at E11.5, when there were mild vessel irregularities, but one day before detectable hemorrhage. Pericyte-deficient Pdgfb ret/ret mice (Armulik et al., 2010) , which lack a functional BBB, served as a positive control for vascular leak. We found that Pdgfb ret/ret mice exhibit diffuse leakage of the 70 kDa dextran tracer but lack obvious hemorrhage (Fig. 1C, Fig. 3E ). By contrast, no detectable leakage was observed in controls or Itgb8ΔNE mutants (Fig. 1C) , although they subsequently developed severe hemorrhage (Fig. 1A,B) . Thus, at E11.5 a functional BBB exists in Itgb8ΔNE mutants. Taken together, our observations indicate that BBB dysfunction does not explain the appearance of intracerebral hemorrhage in Itgb8ΔNE mice.
Vascular hypersprouting/hyperbranching precedes glomeruloid formation and hemorrhage in Itgb8ΔNE mutants
The coincidence of hemorrhage with glomeruloid malformations, and the absence of vascular leak before hemorrhage, suggested to us that abnormal blood vessel formation might result in hemorrhage in Itgb8ΔNE mutants. To directly assess changes in angiogenic sprouting and branching due to loss of Itgb8, we labeled the vasculature in whole telencephalons, using anti-CD31 or anti-collagen IV antibodies, and imaged neuroepithelial flat-mounts at various depths (schematic, Fig. 2 ). In this way, the telencephalic vasculature has a stereotyped architecture which develops in a spatial-temporal sequence ( Fig. 2) : parent vessels in the PNVP (level 4) give rise to smaller radial vessels (level 3), which penetrate the neuroepithelium and connect to a planar capillary bed adjacent to the ventricle (PVP, level 2). Filopodia extend from tip cells towards adjacent PVP vessels (level 2), as well as the ventricular surface (level 1, and supplementary material Movie 1). Angiogenesis is initiated and proceeds in a ventral-to-dorsal gradient, with greater vascular density, branch points and filopodia in ventral regions, and a progressive increase in their densities from E11.5 until ∼E14.5 (Fig. 2B,C ; supplementary material Fig. S2 ), after which vascular growth slows compared with ongoing neuroepithelial expansion. A similar patterning gradient is also observed in the hindbrain (supplementary material Fig. S3 ). Comparing Itgb8ΔNE mutants with littermate controls, we did not observe differences in PNVP vessel appearance or radial vessel numbers leading to the PVP [ Fig. 2B (level 4 and 3) and 2C]. However, the mutant PVP contained a greater vascular density with more branches and more filopodia extending toward the ventricular surface [ Fig. 2B (level 2 and 1) and 2C; supplementary material Movies 1 and 2]. Associated with these increases, endothelial cell proliferation in the ventral PVP was also significantly increased in E11.5 mutants ( Fig. 1C ; supplementary material Fig. S4 ). Increased sprouting and branching was most pronounced in the ventral telencephalon, but was observed elsewhere in the CNS (see supplementary material Fig. S3 ), and progressed from E11.5 to E12.5 ( Fig. 2C ; supplementary material Fig. S3 ). In summary, these results demonstrate hypersprouting/hyperbranching of the PVP in mutants. Importantly, the ventral-dorsal progression of angiogenic abnormalities immediately precedes, and might therefore cause, the formation of overtly dysplastic vessels and hemorrhage, which occur in the same pattern, one day later.
Pericyte proliferation in Itgb8ΔNE embryos
Pericytes have well-described roles in vascular development and formation of the BBB (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010; Hellström et al., 2001) , and recent studies invoke pericyte deficiency as a potential cause of brain hemorrhage Li et al., 2011) . Using telencephalic flat-mounts we quantified brain pericyte coverage, density and proliferation at E12.5, using pericyte-deficient Pdgfb ret/ret mice for comparison. In contrast to previous studies using humans and rabbits, which reported a relative paucity of pericytes in ventral brain regions , we found that pericyte coverage at approximately Fig. 3 ). We also observed significant increases in pericyte density (pericyte-specific Zic1 + nuclei) and proliferation (BrdU incorporation) in mutants (Fig. 3C,D) . However, the endothelial cellto-pericyte (EC:PC) ratio was not significantly different from controls at E12.5 (Fig. 3D) . Also, on E11.5, one day before the appearance of hemorrhage, there was no significant difference in pericyte density or proliferation (not shown). Taken together, it seems likely that pericyte proliferation is a secondary consequence of increased endothelial proliferation.
The absence of any defect in pericyte number or coverage before cerebral hemorrhage in Itgb8ΔNE mutants prompted us to evaluate the purported association between reduced pericyte coverage and brain hemorrhage Li et al., 2011) . Surprisingly, there was no detectable hemorrhage at E12.5 or E14.5 in pericytedeficient Pdgfb ret/ret mice ( Fig. 3E ), despite diffuse vascular leak in these mutants at E11.5 (Fig. 1B) . Thus, vascular leak does not invariably result in hemorrhage. Because vascular hypersprouting/ hyperbranching and elevated endothelial cell proliferation preceded the development of vascular malformation and hemorrhage in Itgb8ΔNE mice, we analyzed these parameters in Pdgfb ret/ret mutants. In contrast to the integrin mutant, vascular branching and endothelial cell proliferation were not significantly elevated in the Pdgfb ret/ret mutant ( Fig. 3F-H) . Taken together, these data suggest that abnormal angiogenesis and/or vascular malformation are required for hemorrhage.
Loss of active TGFβ1 and reduced phospho-Smad3 in endothelial cells in the Itgb8ΔNE mutant CNS CNS angiogenesis is regulated by a balance between angiogenic and angiosuppressive signals, including VEGF, bFGF, sFLT1, S1P and TGFβ/BMP. We and others have shown that astroglial αVβ8 binds to and activates TGFβ1 and TGFβ3 (Cambier et al., 2005; Melton et al., 2010; Yang et al., 2007) . Deletion of Itgb8 in retinal Muller glia reduces paracrine TGFβ signaling in retinal endothelia, causing hyperbranching (Allinson et al., 2012; Arnold et al., 2012; Hirota et al., 2011) . Little is known, however, about the regional activation of TGFβ ligand by αVβ8 in the developing brain, and the consequences of altered TGFβ activation on sprouting angiogenesis. We therefore labeled the ventricular surface of whole-mount E11.5 mutant and controls with an antibody recognizing activated TGFβ1/3 (Yamazaki et al., 2011) . Results revealed that the highest concentration of activated TGFβ was in the ventral/midline and decreased in a gradient toward dorsal/lateral brain regions (Fig. 4A, left) . In the absence of Itgb8, there were dramatic reductions in TGFβ concentration and absence of an obvious gradient, with small amounts of residual perivascular anti-active TGFβ (Fig. 4A, right, schematic) .
These results argue that αVβ8 probably controls angiogenesis through activation of TGFβ. We next sought to identify the major αVβ8-and TGFβ-regulated intracellular signaling pathway controlling angiogenic responses. TGFβ acts through complexes of type I and type II receptors that promote Smad transcription factor phosphorylation. TGFBR1/ALK5 with TGFBR2 induces phosphorylation of Smad2/3 complexes. In endothelial cells, an alternative type I receptor, ALK1, is thought to complex with BMPR2 to induce phosphorylation of Smad1/ 5/8, which interact with Notch effectors to promote stalk cell differentiation (Kim et al., 2012; Larrivée et al., 2012; Li et al., 2011; Moya et al., 2012) . Although BMP9 and BMP10 are believed to be the major ALK1 ligands, TGFβ can activate ALK5-TGFBR2 (Smad2/3) and ALK1-BMPR2 (Smad1/5/8) in vitro, and in certain contexts in vivo (Pardali et al., 2010) . To determine which pathways are activated during brain vascular development, we analyzed the location and relative abundance of C-terminally phosphorylated (p)Smad3 and Smad1/5/8 proteins in telencephalic brain sections from E11.5 Itgb8 mutants and controls. Nuclear pSmad3 staining in controls was ubiquitous, with high-intensity staining in blood vessels (pericytes and endothelial tip and stalk cells) and relatively low-intensity staining in subventricular zone neuroepithelial cells (Fig. 4B) . Nuclear pSmad3 was significantly reduced in telencephalic PVP vessels of Itgb8ΔNE mice, as evidenced by reduced pSmad3 staining intensity in IB4-labeled vessels (Fig. 4B,C) . Next, we analyzed nuclear pSmad1/5/8 protein in controls and mutants. Consistent with recent reports (Falk et al., 2008; Moya et al., 2012) , we observed intense pSmad1/5/8 staining in endothelial cells (tip and stalk cells) and less intense staining in subventricular zone neuroepithelial cells (Fig. 4B′) . In contrast to pSmad3, fluorescence intensity mapping and quantification revealed no change in vascular pSmad1/5/8 signaling in the Itgb8ΔNE brain (Fig. 4B′,C) . Consistent with elevated endothelial proliferation (Fig. 2C) , we observed significantly more vascular nuclei per vessel length in Itgb8ΔNE mutants (Fig. 4B,C) . These data indicate that αVβ8-activated TGFβ primarily controls activation of Smad3, not Smad1/5/8. The presence of significant levels of pSmad1/5/8 in the Itgb8ΔNE brain suggests that Smad1/5/8-regulated pathways cannot compensate effectively for loss of pSmad3 in CNS endothelial cells.
To evaluate the direct effects of TGFβ on sprouting, we used a previously described cell culture system (Gaengel et al., 2012) in which mouse MS-1 microvascular endothelial cells seeded on beads are allowed to sprout in fibrin gels. Similar to previous reports (Liu et al., 2009) , we found that addition of TGFβ suppresses, whereas inhibition of ALK5 greatly enhances sprouting (Fig. 4D,E) . Consistent with our in vivo results, blocking Smad3 activity using Specific Inhibitor of Smad3 (SIS3) (Jinnin et al., 2006; Li et al., 2010) enhanced endothelial cell sprouting to a similar degree as the more general ALK5 inhibitor SB431542 (Fig. 4D,E) . Taken together, these data indicate that the αVβ8-TGFβ-TGFBR2-ALK5-Smad3 signaling pathway inhibits sprouting angiogenesis in the brain.
Mutation of Tgfb1 and endothelial deletion of Tgfbr2 or Alk5 result in vascular sprouting, branching and hemorrhage
To identify the roles of specific TGFβ ligands in vivo responsible for the angiogenesis and hemorrhage phenotypes observed in Itgb8ΔNE mutants we examined Tgfb1 and Tgfb3 mutants. E14.5 Tgfb1 −/− mutants exhibited brain hemorrhage throughout the neuroepithelium with associated glomeruloid vascular malformations (Fig. 5A ). Similar to Itgb8ΔNE mutants, hemorrhage in Tgfb1 −/− mice started in ventral brain regions at E12.5 (not shown) and progressed dorsally. When Tgfb1 −/− telencephalic flat-mounts were examined, similar to Itgb8ΔNE mutants, we observed increases in vascular branch points, endothelial cell filopodia, vascular density and endothelial cell proliferation ( Fig. 5B,D; supplementary material Fig. S4 ). We also observed pericyte detachment and proliferation (Fig. 5C ) with a normal endothelial cell-to-pericyte ratio (not shown). By contrast, no angiogenic or hemorrhagic abnormalities were observed in Tgfb3 −/− mutant forebrains (supplementary material Fig. S6 ). Consequently, TGFβ1 appears to be the most important ligand activated by integrin αVβ8 in the developing brain.
To further test the model that neuroepithelial cell αVβ8 activates TGFβ1, which suppresses endothelial cell sprouting and regulates vascular patterning, we generated an inducible endothelial cellspecific mutant (Tgfbr2iΔEC) by crossing Tgfbr2 floxed/floxed and Pdgfr-iCreERT2 mice (Claxton et al., 2008) . To delete Tgfbr2 when blood vessels first enter the CNS, tamoxifen was administered from E10.5 to E11.5 (Fig. 1A) . When analyzed at E14.5 (Fig. 5A,B) , mutant embryos exhibited severe brain hemorrhage with glomeruloid malformations (Fig. 5A) . Recombination analysis using a Cre reporter revealed specific and efficient recombination within endothelial cells (not shown). Analysis of E12.5 telencephalic flatmounts before hemorrhage ( Fig. 5B,D ; supplementary material Fig. S4 ) revealed vascular hypersprouting/hyperbranching, increased vascular density and endothelial cell proliferation similar to phenotypes in Itgb8ΔNE and Tgfb1 −/− mutants. We also observed increased pericyte detachment and proliferation (Fig. 5C ), similar to phenotypes seen in Itgb8ΔNE and Tgfb1 −/− mutants. Consequently, the pericyte phenotypes observed in Itgb8ΔNE mutants are almost certainly indirect consequences of TGFβ signaling deficits in endothelial cells.
We then analyzed phenotypes of tamoxifen-induced endothelial cell-specific Alk5 (Larsson et al., 2001 ) and Alk1 mutants (Park et al., 2008) . Alk5iΔEC mutants recapitulate the brain vascular and hemorrhage phenotypes observed in Itgb8ΔNE, Tgfb1
−/− and Tgfbr2iΔEC mutants. There were no significant abnormalities in Alk1iΔEC mutants (supplementary material Fig. S6) .
Finally, to determine whether TGFβ signaling in the neuroepithelium might contribute to these vascular phenotypes, we generated neuroepithelial cell-specific Tgfbr2 mutants (Tgfbr2ΔNE). When analyzed at E12.5 (not shown) and E14.5 (supplementary material Fig. S6 ), mutants did not exhibit vascular malformations or hemorrhage. Consequently, the vascular malformations and hemorrhage must result from reduced TGFβ-TGFBR2-ALK5-Smad3 signaling within endothelial cells.
DISCUSSION
Our results argue that neuroepithelial cell-derived αVβ8 suppresses endothelial sprouting and maintains normal vascular patterning by activation of TGFβ1 and TGFBR2-ALK5-Smad3 signaling in endothelial cells, extending prior work (Arnold et al., 2012; Cambier et al., 2005; Nguyen et al., 2011) in several ways. Our prior analyses indicated that blood vessels exhibited defective initial invasion of the brain in the Itgb8 mutant (Zhu et al., 2002) . Our current time series analysis demonstrates that vessels ingress normally. Once vessels form the PVP, they hypersprout, hyperbranch and proliferate, then become more overtly dysplastic (glomeruloid) and hemorrhage. Vascular dysplasia and hemorrhage leads to retraction from the ventricular surface. Glomeruloid formation and hemorrhage are relatively late phenotypes, probably secondary to elevated sprouting, branching and proliferation of endothelial cells. In addition to Itgav and Itgb8, brain hemorrhage during embryonic development is observed in other mutant mice, including Gpr124 (Anderson et al., 2011; Cullen et al., 2011; Kuhnert et al., 2010) , Nrp1 (Gerhardt et al., 2004; Gu et al., 2003; Kawasaki et al., 1999) , Wnt7a/ b-Bcat (Daneman et al., 2009; Liebner et al., 2008; Stenman et al., 2008) , Tgfb1/3 (Mu et al., 2008) , Tgfbr2 (Nguyen et al., 2011; Robson et al., 2010) , Alk5 (Nguyen et al., 2011) , Smad4 , Smad2/Smad3 (Itoh et al., 2012) and S1pr1 (Gaengel et al., 2012) . Prior work either did not address the cause of hemorrhage (Nrp1, Tgfb1/3, Smad2/Smad3, S1pr1) or attributed it to a dysfunctional BBB [Gpr124 (Anderson et al., 2011) , Bcat (Liebner et al., 2008) , Smad4 , Itgb8 (Mobley et al., 2009 ), Itgav-Tgfbr2-Alk5 (Nguyen et al., 2011) ]. However, BBB dysfunction was generally tested by tracer injection after initiation of hemorrhage and thus did not determine whether BBB dysfunction precedes hemorrhage. We tested vascular barrier function in Itgb8 mutants by tracer injection at time points when there was noticeable vascular pathology, but just prior to the onset of hemorrhage (E11.5). Surprisingly, we observed no detectable tracer leakage compared with pericyte-deficient mice, which have robust tracer leakage at this time (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010) (Fig. 1) . Additionally, pericytedeficient mice have comparatively normal vascular morphogenesis without hemorrhage during initial cerebral angiogenesis. Thus, hemorrhage and BBB leakage are distinct processes. Due to the strong spatial-temporal association of sprouting abnormalities and brain hemorrhage, we propose that abnormal angiogenesis, not BBB dysfunction, causes brain hemorrhage.
We observed that vascular sprouting and patterning normally occur in a ventral-to-dorsal gradient, and that, in the absence of Itgb8, hypersprouting/-branching, glomeruloid formation and hemorrhage occurred in a similar gradient. These abnormalities were confined to tissue immediately adjacent to the cerebral ventricles; vessels further from the ventricles were not obviously affected. The selective sensitivity of PVP vessels is consistent with localized expression and/or activation of αVβ8-TGFβ signaling components. In parallel to these periventricular vascular gradients, we observed a similar gradation of activated TGFβ: high in ventral regions, low in dorsal regions. The loss of this gradient led to a commensurate reduction in Flat-mounts of telencephalon were stained for vessels (CD31, white) after which the PVP (B1) and brain parenchyma below containing filopodia (B2) were imaged (corresponding to levels 2 and 1, respectively, in Fig. 2A schematic) . Images illustrate pronounced increases in vasculature, vascular branch point and filopodial densities in Tgfb1 −/− and Tgfbr2iΔEC mutants.
C1 images: Flat-mounts of telencephalon stained for endothelium (anti-CD31, blue) and pericytes (NG2, red). Panels reveal defects in association of pericytes with the vasculature in Tgfb1 −/− and Tgfbr2iΔEC mutants. C2 images: Sections stained for pericyte nuclei (Zic1, green), proliferating cells (BrdU, red) and vessels (IB4, blue). Images reveal increased pericyte density and proliferation (arrowheads mark BrdU + Zic1 + nuclei) in ventral brain regions of mutants. (D) Data quantification: Results show statistically significant increases in the number of filopodia/field, vascular density, vessel branch points/field, radial vessels/field and densities and proliferation of endothelial cells and pericytes in mutants. Vascular coverage with pericytes appears normal in each mutant versus controls (as described in Fig. 3 ; see also supplementary material Fig. S4 ). ANOVA P-values: *P<0.05, **P<0.005, ***P<0.0005; NS, not significant; N=8 (combined controls),
, Tgfbr2iΔEC). Error bars indicate s.e.m. Scale bars: 100 μm.
pSmad3 in PVP vessels. The concept that TGFβ1 forms a patterning gradient is consistent with reports showing that TGFβ superfamily members regulate patterning of diverse tissues during development (Wu and Hill, 2009 ). To our knowledge, we provide here the first description of TGFβ1 gradients in the brain, which direct the dorsalventral patterning of CNS vasculature. Numerous reports describe an important role for TGFβ and BMP signaling in sprouting angiogenesis (Kim et al., 2012; Larrivée et al., 2012; Liu et al., 2009; Moya et al., 2012) . However, the specific role of TGFβ1 in brain angiogenesis (vascular sprouting/branching) was previously unknown. Because global deletion of Tgfb1 (and not Tgfb3), and endothelial cell-specific deletion of Tgfbr2 or Alk5 (and not Alk1), recapitulate the Itgb8ΔNE phenotype, loss of αVβ8-TGFβ1-TGFBR2-ALK5-Smad3 signaling is almost certainly responsible for vascular hypersprouting/hyperbranching, vascular glomeruloid formation and hemorrhage. BMP9/10-BMPR2-ALK1-Smad1/5/8 signaling, although present in developing CNS vessels, does not compensate for loss of αVβ8-TGFβ1-TGFBR2-ALK5-Smad3 signaling. The effects of αVβ8-TGFβ1 appear to be directed to endothelial cells, not the neuroepithelium, because endothelial cell-specific Tgfbr2 and Alk5 mutants phenocopy Itgb8 mutants, and neuroepithelial cell-specific deletion of Tgfbr2 exhibited no vascular phenotype. Consistent with this, it was recently shown that endothelial cell-specific Smad2/Smad3 double mutants develop similar brain hemorrhage (Itoh et al., 2012) . Although this report did not characterize brain vascular sprouting/branching, it is interesting to point out that S1pr1 mRNA expression was downregulated in Smad2/Smad3 mutants (Itoh et al., 2012) , and endothelial cellspecific S1pr1 mutants (like Itgb8, Tgfb1, Tgfbr2 and Alk5 mutants) develop endothelial cell hypersprouting before hemorrhage (Gaengel et al., 2012) . It is now important to determine how αVβ8-TGFβ signaling interacts with other pathways, including VEGF, Notch, BMP and S1PR1, known to regulate sprouting angiogenesis.
Taken together, our findings show that disruption of αVβ8-TGFβ1-TGFBR2-ALK5-Smad3 signaling causes abnormal vascular sprouting and patterning, resulting in brain hemorrhage. Importantly, a similar pattern of brain hemorrhage and concurrent vascular dysplasia occurs in human infants with germinal matrix hemorrhage (GMH). In its most severe forms, GMH develops first with hemorrhage in ventral brain regions and then evolves to include dorsal/cortical regions (Volpe, 2009) . Mirroring hemorrhage are gradients of endothelial cell density, proliferation and proangiogenic factors, such VEGF and ANGPT-2 (Ballabh et al., 2004a . Interestingly, CNS-specific VEGF overexpression was recently shown to cause vascular malformation and GMH in mice (Yang et al., 2013) , and angiogenesis inhibitors that target VEGF reduce vascular proliferation and attenuate the severity of brain hemorrhage induced by hypertonic solution . Based on the similarities between infants with GMH and the Itgb8/Tgfb mutants, it will be important to determine how αVβ8-TGFβ1-TGFBR2-ALK5-Smad3 signaling might interface with VEGF-signaling and how these pathways might be altered in GMH.
MATERIALS AND METHODS
Mice
Itgb8
flox/flox (Proctor et al., 2005) , Itgb8 −/− (Zhu et al., 2002; Arnold et al., 2012) , Pdgfb ret/ret (Abramsson et al., 2003) , Tgfb1 −/− (Arnold et al., 2012) , Tgfb3 −/− (Proetzel et al., 1995) , Tgfbr2 flox/flox (Levéen et al., 2002) , Tgfbr1/Alk5 flox/flox (Larsson et al., 2001) , Tgfbr1/Alk1 flox/flox (Park et al., 2008) , nesCre (nesCre8) (Petersen et al., 2002) and endothelial cell-specific PdgfbiCreER TM2 mice (Claxton et al., 2008) have been described. To induce Cre activity, we administered 200 μl tamoxifen (15 mg/ml in corn oil) by oral gavage of pregnant dams for two days before embryo harvest. Embryonic stage (E) calculation defined the day following plug as E0.5. Mice were genotyped by PCR. Procedures were performed according to UCSF IACUC-approved guidelines. Experiments with Pdgfb ret/ret mice were approved by the local animal ethics committees in accordance with Swedish legislation.
Immunohistochemistry
Embryos at indicated time points were rinsed in PBS, fixed in ∼2 ml 4% paraformaldehyde (PFA) in PBS at 4°C overnight and stored at 4°C in PBS. Flat-mounted forebrains were embedded in 4% LM agarose in PBS (Sea Plaque Agarose, Cambex) and coronally sectioned at 450 μm using a vibratome. Forebrain thick sections and whole-dissected hindbrains were blocked in 1% BSA, 0.5% Triton X-100 in PBS (block buffer) overnight at 4°C, labeled with primary antibodies in block buffer overnight at 4°C and labeled with appropriate fluorophore-conjugated secondary antibodies in block buffer for 2 h at room temperature. Stained forebrain sections and hindbrains were flat-mounted in Prolong Gold (Invitrogen). Surface labeling of activated TGFβ was performed immediately after fixation in absence of Triton X-100. For thin sectioning, fixed brains were transferred to 30% sucrose in PBS overnight, embedded in OCT, then cryosectioned at 15 μm. Cryosections were permeabilized and blocked with 0.3% Triton X-100 and 3% BSA in PBS. Sections were incubated with primary antibodies overnight at 4°C, then with fluorophore-conjugated secondary antibodies (Invitrogen), TO-PRO-3 (Invitrogen) and mounted with Prolong Gold (Invitrogen). Whole-mount limb skin immunohistochemistry was performed as described .
Antibodies
Primary antibodies: rat anti-CD31 (MEC13.3, BD Pharmingen, 550274; 1:100), goat anti-mouse CD31 (R&D Systems, AF3628; 1:100), rabbit anti-mouse Collagen IV (AbD Serotec, 2150-1470; 1:100), rat anti-mouse TER-119 (R&D Systems, MAB1125; 1:100), rabbit anti NG2 (W. Stallcup, Cancer Center, The Burnham Institute for Medical Research; 1:500), rabbit anti-Zic1 (Abcam, 72694; 1:50), rabbit anti-Erg (Abcam, 92513; 1:100), rabbit anti-pan-TGFβ (R&D Systems, AB-100NA; 1:100), rabbit antiphospho-Smad3 (Epitomics, 1880-1; 1:100), rabbit anti-phospho-Smad 1/5/8 (Cell Signaling Technologies, 9511s; 1:100), mouse anti-rat nestin (4d4, AbD Serotec, 21263; 1:500), rabbit anti-brain lipid binding protein (BLBP) (Chemicon, AB9558; 1:500), rabbit anti-LYVE1 (Abcam, 14917; 1:100), rabbit anti-Nrp1 antibody (A. L. Kolodkin, Department of Neuroscience, Johns Hopkins University School of Medicine; 1:3000), mouse anti-BrdU (BD Biosciences; 1:50). Immunostaining with anti-Zic1 antibody used a Tyramide System Amplification (TSA) kit (Invitrogen) as per manufacturer's instructions. Pericyte specificity for Zic1 was demonstrated by lack of staining in pericyte-deficient mice (see Fig. 3C ) (Daneman et al., 2010) . Secondary antibodies: Alexa Fluor 488-, 555-or 647-conjugated donkey anti-rat, anti-rabbit, anti-goat or anti-mouse (Invitrogen).
Imaging
Confocal imaging was performed on a Zeiss LSM5 Pascal microscope.
BBB permeability
At E11.5, mutant and control mice were perfused by cardiac injection of Alexa Fluor 555-conjugated 70 kDa dextran (50 μl of 3.5 mg/ml in PBS; Invitrogen) using a pulled glass pipette with mouth connector and tubing (Sigma, P0799). Care was taken to ensure uniform rate of tracer delivery. Perfusion was confirmed by fluorescent visualization of the entire vascular system. Tracer circulated for 5 min at room temperature, embryos were decapitated, their heads fixed in 4% PFA overnight at 4°C and cryosectioned as described above.
Measurements
All measurements used high-resolution confocal images representing thin optical sections.
Morphometry
Calculations were made on brain flat-mounts. In the forebrain, the number of branch points and percentage area covered by CD31-positive endothelial cells were calculated from 460×460 μm fields using images taken from the PVP (level 2 in Fig. 2 schematic) in ventral regions (within medial and lateral ganglionic eminences; pink region in Fig. 2 schematic) or dorsal regions (immediately dorsal to medial and lateral ganglionic eminences; blue region in Fig. 2 schematic) . CD31 + radial vessel numbers were calculated from 460×460 μm fields using images superficial to the PVP (level 3 in Fig. 2 schematic) . CD31 + filopodia number was calculated from 230×230 μm fields using images taken deep to the PVP (level 1 in Fig. 2  schematic) . Identical calculations were made in the hindbrain, except that ventro-medial regions ( pink in schematic, supplementary material Fig. S3 ) were within alar and basal plates, and dorso-lateral regions (blue in schematic, supplementary material Fig. S3 ) were immediately dorso-lateral to these regions.
Pericyte coverage
NG2 and CD31 staining overlap was calculated from 460×460 μm fields using images taken from the PVP in ventral and dorsal regions as described (Abramsson et al., 2003) .
Cell density and proliferation
Cell density was determined by averaging the number of Erg + endothelial nuclei or Zic1 + pericyte nuclei per 40× image (230 μm×230 μm) field in at least four distinct fields as previously described (Siegenthaler et al., 2013) . Pericyte:endothelial cell ratio (PC:EC) was calculated by dividing the average pericyte density by the average endothelial cell density. The cell proliferation index was calculated by dividing the number of Erg + /BrdU + or Zic1 + /BrdU + nuclei by the number of Erg + or Zic1 + nuclei in a 40× field. Phospho-Smad immunofluorescent staining was quantified as described (Arnold et al., 2012) .
Fibrin bead sprouting assay mCherry-expressing microvascular endothelial (MS-1) cells were infected for 24 h with lentiviral particles (mCherry, Capital Biosciences) in MV2 medium (PromoCell) containing 5 µg/ml polybrene (Santa Cruz). MS-1 cells stably expressing mCherry were selected in the presence of 10 µg/ml puromycin (Invitrogen). The MS-1-mCherry fibrin bead assay was performed as previously described (Gaengel et al., 2012) . A titration with TGFβ1 was used to select an optimal dose based on maximum phosphoSmad3 signal (supplementary material Fig. S5 ). Beads were cultured with 100 μl of basal MV2 medium in the presence or absence of recombinant TGFβ1 (10 ng/ml, Peprotech); TGFβ inhibitor SB431542 (3.5 μM, Sigma); Smad3 inhibitor SIS3 (10 μM, Calbiochem) for 6 days and scored for angiogenic sprouts (touching bead, red dots in Fig. 4D ) and dissociated endothelial cells (not touching bead, blue dots in Fig. 4D ). Previously published studies (Gaengel et al., 2012) revealed that endothelial cells form filopodia, sprout on the bead and then dissociate from the bead. Sprouts and dissociated cells were consequently tabulated together.
Biochemistry
Growth factor-starved MS-1 cells were stimulated with increasing concentrations of TGFβ1 (0-20 ng/ml) and frozen. For western blots, proteins were extracted and 10 mg of total proteins separated by SDS-PAGE, transferred to PVDF membranes before antibody application. For immunoprecipitation, cell and tissue lysates were clarified by centrifugation. Lysates were further precleared by protein G sepharose before incubation with antibody precoupled to protein G sepharose beads. Immunocomplexes were washed and separated by SDS-PAGE, transferred to nitrocellulose and blotted. Signals were detected using horseradish peroxidase-coupled secondary antibodies. For multiple probing, membranes were stripped and re-probed.
Statistics
P-values were defined using Student's t-test for paired comparisons and ANOVA for group-wise comparisons, with Tukey's post-hoc test analysis to compare individual groups. Four or more animals/samples were used for all experiments (N≥4). Controls for experiments with Tgfb1 −/− and Tgfbr2iΔEC mice (see Fig. 5 ) were not significantly different in any parameter measured, and were therefore grouped together and used as a collective 'control'. Differences were considered significant with a P<0.05. Data are presented as mean±s.e.m.
